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The National Aeronautics and Space Administration (NASA) has developed independent 
airframe and engine models that have been integrated into a single real-time aircraft 
simulation for piloted evaluation of propulsion control algorithms. In order to have confidence 
in the results of these evaluations, the integrated simulation must be validated to demonstrate 
that its behavior is realistic and that it meets the appropriate Federal Aviation Administration 
(FA A) certification requirements for aircraft. The paper describes the test procedures and 
results, demonstrating that the integrated simulation generally meets the FAA requirements 
and is thus a valid testbed for evaluation of propulsion control modes. 


Nomenclature 


A 

= 

Inlet Area 

AEO 

= 

All Engines Operational 

AGL 

= 

Above Ground Level 

C-MAPSS40k 

= 

Commercial Modular Aero-Propulsion System ! 

Cn,wind 

= 

Drag Coefficient Due to Windmilling 

C L 

= 

Coefficient of Lift 

CFR 

= 

Code of Federal Regulations 

D 

= 

Drag 

Dwind 

= 

Drag Due to Windmilling 

FAA 

= 

Federal Aviation Administration 

MCT 

= 

Maximum Continuous Thrust 

MSL 

= 

Mean Sea Level, (ft) 

NASA 

= 

National Aeronautics and Space Administration 

OEI 

= 

One Engine Inoperative 
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<7 

- 

Dynamic Pressure 

5 

- 

Wing Area, (ft 2 ) 

TAS 

- 

True Air Speed 

TCM 

= 

Transport Class Model 

Vfs 

= 

Final Segment of a Departure Airspeed with One Engine Inoperative 

Vfto 

= 

Final Takeoff Airspeed 

Vlof 

= 

Fiftoff Speed 

V mc 

= 

Minimum Control Airspeed - Clean Configuration (Flaps and Gear Retracted) 

Vmcl 

= 

Minimum Control Airspeed - Fanding Configuration (Full Flaps, Gear Extended) 

Vr 

= 

Rotation Airspeed 

Vs 

= 

Stall Airspeed - Clean Configuration (Flaps and Gear Retracted) 

Vso 

= 

Stall Airspeed - Fanding Configuration (Full Flaps, Gear Extended) 

V SR 

= 

Reference Stall Airspeed - Takeoff/ Approach Configuration at 1/2 Flaps 

Vx 

= 

Best Angle of Climb Airspeed 

V Y 

= 

Best Rate of Climb Airspeed 

V i 

= 

Speed Above Which a Takeoff will Proceed with One Engine Inoperative 

v 2 

= 

Safe Takeoff Speed with One Engine Inoperative 

a 

= 

Angle of Attack 


I. Introduction 

T HE National Aeronautics and Space Administration (NASA) has developed a number of non-proprietary 
aerospace-related simulations for use by the public. These include several independently-developed turbofan 
engine simulations 1 " 5 and at least one airframe simulation. 6 While the engine simulations are freestanding, the airframe 
simulation contains a simplified engine model. Of these simulations, the Transport Class Model (TCM) 6 airframe 
simulation and the Commercial Modular Aero-Propulsion System Simulation 40k (C-MAPSS40k) 4 - 5 turbofan engine 
model are of particular interest for research in such areas as aviation safety and autonomous operation. The TCM 
represents a generic, mid-sized, single-aisle transport aircraft with two wing-mounted engines. C-MAPSS40k models 
a 40,000-lbf thrust class, high-bypass ratio turbofan engine with a representative commercial-type controller. These 
independently-developed simulations are deemed to be compatible based on their size. In fact, the baseline TCM 
utilizes first-order engine models derived from C-MAPSS40k, that have dynamics that vary as a function of altitude 
and fan speed. However, they are based on look-up tables, 6 so all physical and thermodynamic information is lost. 
The input to the TCM’s simplified engine models is throttle position, the outputs are fan speed and thrust. 

Using these simulations to perform meaningful research on integrated flight and propulsion control, or on the 
impact on flight dynamics resulting from propulsion control modification, requires replacing the simplified engine 
models with full nonlinear C-MAPSS40k simulations. This enables modification of the propulsion control system and 
allows access to internal engine variables within the integrated simulation. In order to have confidence that the results 
are representative of what could be expected in a fielded application, the integrated TCM/C-MAPSS40k simulation 
must be validated. There are several aspects to this integration, testing, and validation process. First, the interface 
between the airframe and propulsion system must be defined (fuel flow, Mach number, altitude, ambient temperature 
and pressure, throttle position, thrust, etc.). This is relatively straightforward, considering that these variables are 
standard in simulations of sufficient complexity. The more complicated aspect, once the two systems are combined, 
is to ensure that they are working together as they should. Simulated flying, especially when performed in a flight 
simulator by an experienced pilot, gives confidence that the models are integrated properly and that the physics 
captured in them is correct. However, successful integration does not mean the individual models are truly compatible. 
The Federal Aviation Administration (FAA) specifies minimum performance requirements for the combined system, 
and mandates that an aircraft meet them in order to be certified. 7 Therefore, for a simulation to be considered 
representative of a real aircraft, it should display similar behavior. Because these simulations were developed 
independently and then integrated, not unlike the actual hardware they represent, it is particularly important to validate 
their combined performance. 

The remainder of the paper describes the model integration, the test procedure used to validate the integrated 
simulation, and the results and analysis. The conclusions will discuss whether the certification testing justifies the 
combined simulation’s use for advanced propulsion control and integrated flight and propulsion control research. 
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Figure 1. C-MAPSS40k response demonstrating compliance with §FAR 33.73(b) — Power or thrust 
response. Rise time from the fixed minimum flight idle power lever position to 95 percent of rated takeoff 
thrust is not over 5 seconds. Operating conditions are defined as sea-level static condition. 


II. Background 

For this work, the TCM, 6 an airframe model with two wing-mounted engines, and two copies of the 
C-MAPSS40k 4 ' 5 turbofan engine model were integrated. The closed-loop C-MAPSS40k engine meets the relevant 
FAA thrust response criterion, FAR §33. 73(b), which requires that, from the fixed minimum flight idle power lever 
position, the thrust should reach 95 percent of rated takeoff power in not over 5 seconds (Figure l). 8 While important 
by itself, this is a stand-alone engine requirement. It is the resulting performance of the aircraft simulation with the 
engine models installed that will determine whether the integrated system is appropriate for use in meaningful piloted 
flight simulator testing. For example, an exemption may be granted for the engine response requirement (FAR 
§33.73(b)) on the basis of compliance with the climb performance for installed thrust requirement, FAR §25.1 19, 9 
which states that the thrust achieved eight seconds after power application (starting from minimum flight idle) must 
allow a climb gradient (the ratio of the increase of altitude to horizontal distance travelled, expressed as a percentage) 
of not less than 3.2% for a go-around. 10 Previous testing has demonstrated go-around maneuvers from a variety of 
approaches, 11 both stabilized and unstabilized. 12 In all cases, the aircraft started to climb at a relatively constant rate 
within eight seconds (Figure 2), and much sooner in the more stabilized approaches (where the sink rate was less than 
1000 ft/s at an appropriate approach speed). The actual requirement does not specify an initial speed or sink rate, 
meaning that starting the go-around from a stabilized approach, which is the best case, is acceptable. The integrated 
simulation should be suitable for non-real-time (i.e., faster than real time) desktop use, or for real-time piloted 
simulation. In either case, the integration and performance of the overall system is what is important. If the system is 
able to meet the FAA requirements for normal and emergency operation (e.g., one engine inoperative (OEI)), it will 
demonstrate that it is representative of a modern commercial aircraft. This will support the validity of the comparison 
of nominal and advanced control modes that could be evaluated using the simulation. 

The specific certification requirements that will be evaluated are limited to those that are relevant to the types of 
research and flight regimes that the integrated model is used for, and more precisely, to the performance features 
captured in the model. This testing does not claim to be comprehensive. Actual certification of modern aircraft can 
take years, requiring over 1500 hours for the flight testing alone. 13 Although this effort is, out of necessity, significantly 
scaled down, it will sample enough representative aspects of the requirements to justify confidence in the simulation. 
The regulations not tested include those related to: weather, including ice, rain, wind, and wind gusts; aerodynamic 
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Figure 2. Altitude loss during a go-around for the integrated TCM/C-MAPSS40k simulation. The runs 
comprise various initial airspeeds and glide path angles; in all cases the throttle is at or near idle. True Air 
Speed, TAS, in knots, and sink rate, in feet per minute, at initiation are given for each case. At the longest, 
the minimum altitude occurred about five seconds after the maneuver was triggered, and in all cases, a 
relatively constant or increasing positive climb gradient was achieved in under eight seconds. 

effects such as buffeting; fire hazards; passenger or cargo; aircraft to ground interaction during taxiing, takeoff and 
landing; changes in performance due to runway gradients; cockpit arrangement and instrumentation; control surface 
physics, including loads, range of motion, gust locks, or jamming; structural issues such as load factors; crosswind 
performance; and weight and balance (center of gravity). 

A. Integration of the simulations 

The two default engine modules within the TCM were each replaced by a copy of the closed-loop C-MAPSS40k 
engine model. The inputs to the engine models are pilot commands (e.g., throttle position) and flight conditions (e.g., 
altitude, Mach number). The engine models calculate net thrust, which is transferred back to the TCM and converted 
into body-axis force and moment components. Within the integrated simulation, application of thrust reversers on 
landing slows the aircraft by causing the thrust to change direction, i.e., point forward, at a level equal to 10% of the 
engines’ net thrust; this ad hoc reduction loosely approximates the cancellation of forces since core thrust is not 
reversed, and bypass thrust is not redirected a full 180°. Other outputs, such as spool speeds and exhaust gas 
temperature, are used for cockpit instrumentation display when the integrated model is implemented in a flight 
simulator. 

Fuel usage is another potential input to the TCM from C-MAPSS40k. The TCM can model the flow of fuel to the 
engines, where it is consumed, thus reducing the aircraft weight, 6 but the amount of fuel used is determined by the 
engines. Since, in this implementation, the existing simplified engine models, which were replaced by copies of 
C-MAPSS40k, did not account for fuel at all, no attempt was made to make this connection in the integration, i.e., 
fuel flow is all internal to the engine models. This design choice is justified by the fact that the integrated simulation 
is planned to be used for short tests, lasting several minutes at most, where changes in overall aircraft weight would 
be negligible. Although the connection itself could be made with little effort, the accompanying changes in weight 
and inertias (of which only the baseline value of each is provided with the TCM simulation), and the resulting 


4 

American Institute of Aeronautics and Astronautics 



Mach Number 

Figure 3. Additional engine drag coefficient due to windmilling. 


modification of the flight dynamics, would have to be incorporated. This modification and subsequent validation 
would be beyond the scope of this effort. However, it should be noted that the TCM is stated to represent a mid-value 
weight for a mid-sized transport aircraft (185,000 lbs). 5 6 So, although the certification requirements for an aircraft are 
meant to cover its entire weight range, as long as all of the certification testing and research efforts are performed at a 
consistent aircraft weight, the research results can be deemed valid. 

B. Modification to the models 

In addition to the integration, two main modifications were made to the TCM: the landing gear model was modified 
and an engine out/windmilling model was added. 

1 . Landing gear 

The landing gear model modification was intended to improve the aircraft’s interaction with the ground. It is not 
related to the certification testing that is being reported in this paper. 

2. Windmilling 

Validation testing of aircraft performance under specific engine out scenarios is required for certification. To 
account for the additional drag contribution due to an engine shutdown during flight, windmilling (or unpowered 
spinning) models were implemented in each of the two C-MAPSS40k engine simulations within the TCM. The 
windmilling models are based on empirical data from the literature. 14 The models provide engine spool speeds and 
thrust/drag in the event of a shutdown. Windmilling drag was obtained as the sum of two values: a baseline drag 
coefficient due to the thrust capability of the engine, and an additional contribution represented as a function of Mach 
number. 

Using data from Reference 14, the baseline windmilling drag coefficient for the C-MAPSS40k engine was 
estimated to be 0.31. The additional drag due to Mach number is shown in Figure 3. Note that the data displayed in 
Figure 3 begin at Mach 0.2, which is about the takeoff speed of the TCM. Any engine out testing below this speed 
uses the minimum value from Figure 3. The drag force is then calculated as: 

D Wind = C D, wind xc i xA ( 1 ) 

where Dwm is the drag force due to windmilling; Cn.wind is the drag coefficient due to windmilling, which equals the 
sum of the baseline value, 0.31, and the contribution due to windmilling from Figure 3; q is the freestream dynamic 
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Figure 4. Modeled rotational speed of the engine spools due to windmilling. 

pressure; and A is the inlet area. 

In the event of an engine failure, the TCM inputs switch from spool speeds and thrust values calculated by the 
C-MAPSS40k engine model to the speeds and drag values calculated by this windmilling model. When this switch 
occurs, a low-pass filter is applied to each parameter to simulate a more realistic, smooth transition between 
C-MAPSS40k and the windmilling model. Windmilling spool speeds are calculated as functions of flight Mach 
number (Figure 4). These parameters are used for flight simulator cockpit instrumentation displays and do not affect 
the physics of the aircraft model. 

III. Code of Federal Regulations Part 25 

The Federal Aviation Administration’s Code of Federal Regulations (CFR) Part 25, 7 “Airworthiness Standards: 
Transport Category Airplanes,” is to be applied to aircraft in the category of the TCM. 6 Although the standards apply 
to real aircraft, they are useful in gauging the realism of TCM performance. A systematic review was utilized to 
identify regulations that may be applied to the TCM. The process removed requirements that were not relevant to nor 
modeled within the TCM (e.g., loads, structure, wind, turbulence). The remaining regulations relate primarily to 
aspects of the TCM relevant to its use in research applications. That is not to say that performance-related features 
could not be incorporated in the future; wind and turbulence are worthy additions, and the effect of ice accretion, both 
on the structure and in the engines, is certainly a topic of interest. However, the scope of this work is limited to those 
regulations that specifically address the existing airframe and propulsion system model integration from a performance 
perspective. 

The testing was further restricted to the regime in which the TCM is used. Flight test conditions were kept 
consistent when examining the TCM performance characteristics. Flight was executed at or below 5,000 feet MSL 
(mean sea level), the weight and balance of the aircraft model were kept constant, and a standard atmosphere was 
used. These test constraints go against the spirit of CFR Part 25, which seeks to confirm compliance across all 
operational weights, balances, altitudes and temperature variations. However, full compliance testing is beyond the 
scope of this paper, which has a goal of simply confirming the reasonableness of the TCM for research applications. 
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Table 1. Common “V” speeds used with the TCM 


Speed (kts) 

Description 

Vfto 

127 

final takeoff airspeed 

Vmc 

115 

minimum control airspeed - clean configuration 

Vmcl 

90 

minimum control airspeed - landing configuration 

Vr 

100 

rotation airspeed 

V s 

130 

stall airspeed - clean configuration (flaps and gear retracted) 

Vso 

96 

stall airspeed - landing configuration (full flaps, gear extended) 

Vsr 

110 

reference stall airspeed - takeoff/approach configuration at 1/2 flaps 

Vx 

176 

best angle climb airspeed 

Vy 

358 

best rate of climb airspeed 


The regulations were reduced and grouped into four performance areas: stalls, takeoff, climb, and stability. For 
each, there is an introduction and results section. However, before the simulated certification process began, analysis 
was performed to determine the common aircraft reference speeds, called “V” speeds. 15 Table 1 lists these speeds for 
the TCM. 

Values for the common “V” speeds given in Table 1 were determined analytically and empirically. The final 
takeoff speed, Vfto , was determined experimentally in the flight simulator by noting when the TCM consistently lifted 
off from the runway at takeoff. The minimum control airspeeds, Vmc and Vmcl, were determined experimentally in the 
flight simulator by the pilot flying maneuvers with one engine inoperative. The objective of this test was to determine 
the airspeed above which the rudder authority is sufficient to counteract the thrust asymmetry. The rotation airspeed, 
Vr, was determined by trial-and-error. The selected Vr is somewhat subjective because the aircraft is able to rotate at 
a lower speed, but the value consistently gave good performance. The stall speeds, Vs, Vso, and Vsr, were determined 
experimentally and analytically. Using the TCM aerodynamic database, the maximum lift coefficient. Cl, mux, was 
found; there is a different maximum lift coefficient for each flap setting. The stall speed is determined using the 
equation. 


V stall 


| 2 x weight 

density x S x C i , 


( 2 ) 


where the aircraft weight and air density are known constant values, and S is the area of the wing, which is about 1950 
ft 2 . The stall speeds calculated for each flap configuration at sea level were confirmed against experimental results 
from the flight simulator. 

The best angle and rate of climb speeds were determined analytically. A velocity range was selected (i.e., 150 kts 
- 450 kts) and for each point in the velocity profile, the dynamic pressure, q, was calculated using 

1 2 

q = — x density x velocity (3) 


From the dynamic pressure, the required coefficient of lift. Cl, was determined for the given aircraft weight using 


weight 

qxS 


(4) 


Using the aerodynamic database, the angle of attack, a, for the given Cl was determined. Then, given a, the 
corresponding drag coefficient, Cd, was found from the aerodynamic database. Finally, the drag, D, was determined 
using 


7 

American Institute of Aeronautics and Astronautics 


x 10 4 



Airspeed (knots) 

Figure 5. Maximum excess thrust airspeed at sea level (best angle of climb airspeed, Vx) 


D = qxSxC D (5) 

The thrust required for steady flight at the given velocity is equal to the drag. Using this information, the thrust 
available from the two engines at full power and the thrust required for steady flight can be plotted versus velocity 
(Figure 5). The best angle of climb speed, Vx, is the airspeed with the greatest climb per horizontal distance; it is the 
airspeed with the maximum excess thrust, which was found to be 176 knots. Because of the variation in the thrust 
required curve, there are two secondary speeds (local maxima), 194 knots and 268 knots, which will maximize climb 
angle performance for higher airspeeds. These secondary angle of climb speeds are also indicated in Figure 5. 

The best rate of climb speed, Vy, is the airspeed that produces the fastest rate of climb (i.e., shortest time to climb) 
and is the airspeed with the maximum excess power. Power is determined using, 

power = thrust x velocity (6) 

From this equation, the power required and the power available from the two engines at full power are computed 
across the velocity profile and plotted in Figure 6. From these data, the maximum excess power airspeed (Vy) is found 
to be at 358 knots. 

Knowing the maximum excess power allows for the maximum rate of climb to be calculated. To find the maximum 
sustainable rate of climb, the excess power is divided by the airplane weight as shown by 


max/? / C 


Power avail - Power ■ 


req 


weight 


( 7 ) 


This gives a maximum rate of climb of 127 ft/s or 7,619 ft/min. 

8 


American Institute of Aeronautics and Astronautics 


x 10 7 



Airspeed (knots) 

Figure 6. Maximum excess power airspeed (best rate of climb airspeed, Vy) 

Ideally, the thrust required and power required curves should decrease to a minimum and then start increasing 
smoothly over the velocity range of interest. In Figure 5 and Figure 6, however, the slopes change sign several times 
from about 170 knots to about 265 knots. This variation is due to the Cd profile in the TCM aerodynamic database. In 
the region specified by angle of attack (a) values from around 4° to 10°, there are multiple increases and decreases in 
the slope of the Cd versus a curve (Figure 7), 6 that, when carried through the required thrust/power calculations. 



Figure 7. TCM coefficient of drag, Cd, versus angle of attack, a, for no flaps (recreated from Reference 6). 
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Table 2. Assumed airplane configuration during flight phases 


Flight Phase 

Landing Gear 

Flaps 

Takeoff 

Retracted 

Half Flaps 

Approach 

Retracted 

Half Flaps 

Landing 

Extended 

Full Flaps 

Cruise 

Retracted 

No Flaps 


produce non-convex regions on the plots (Figure 5 and Figure 6). Because of this jaggedness, the climb performance 
of the TCM is not as sensitive to variations in airspeed as other aircraft with more definitive Vx and Vy speeds. This is 
especially true for the best angle of climb speed, where local maxima produce two secondary angle of climb speeds. 

Attempting to use the calculated climb performance speeds, particularly Vy, would lead to operational challenges. 
On takeoff, it is difficult to accelerate to these speeds with a V ft o of 127 knots. To achieve a high performance takeoff 
climb, the airplane would be required to lift off, fly level to accelerate, and then climb when the desired airspeed is 
attained. The acceleration portion of this maneuver would impose a penalty in the climb gradient and would expose 
the airplane to risk in the event of an engine failure. Another consideration is that the Vy speed would not be permissible 
for an actual aircraft taking off at a sea level airport, dictated by CFR §91.1 17(a), which states that there is a 250 knot 
indicated airspeed limit while flying below 10,000 feet MSL. 

In the evaluations presented in the following sections, four airplane configurations were standardized for 
consistency, as shown in Table 2. It is assumed that the takeoff and approach configurations for the TCM are the same. 
Figure 8 shows the flight segments used in this analysis, along with the various speeds, power settings, and aircraft 
configurations. Because of modeling limitations, takeoff examinations begin at 35 ft above ground level (AGL), where 
it is assumed that the landing gear has been retracted, but the flaps are still deployed (Second and Third Segments). 
At the end of the initial takeoff climb, flaps are raised and the airplane is then in a cruise configuration as it continues 
its climb out to its desired altitude at a reduced power setting (Maximum Continuous Thrust or MCT) (Final Segment). 
The speeds shown in Figure 8 are defined in the nomenclature and important values for the testing described here are 
provided in Table 1. 


Ground Roll 


First Segment Second Segment 


V! V R 


Engines 
Landing Gear* 
Airspeed 
Flaps 
Thrust 


All 

Operating 


4 - 


Third Segment 


Down 


One 

Inoperative 


Final Segment 


o 
o 

L 


1 


Retracted 


Accelerate 


Accelerate 


Down 

Takeoff 


*• — V FS 
■* Up 


< — MCT 


Figure 8. Flight path showing flight segments used in certification, along with the various speeds, power settings, 
and aircraft configurations. 
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Enter 30° 
Bank Turn 


Increase Pitch Causing 
Airspeed to Decrease 


V 




TURN 


As Stall is Entered, 
Nose Drops and ... 


RECOVERY 



Yaws Toward Low Wing 


STALL 



Roll Wings Level 


Apply Full Throttle 
And Pull Nose Up 


Figure 9. The procedure used to stall the aircraft in a turn. 


A. Stalls 

Stall occurs when the angle of attack is too great for the wing to produce lift. The airflow separates from the wing 
causing loss of lift. This typically occurs during approach due to slow airspeed, or during a takeoff climb that is too 
steep. 

Due to its hazardous nature, airplane stall behavior is managed through several regulations in CFR 25: §25.103, 
§25.201 and §25.203. These regulations stipulate that stalls are to be demonstrated from a stabilized trim condition in 
both straight flight and in a 30 degree banked turn. When encountered, the airplane is to give a clear and distinctive 
indication of the stall, and it is to react with no excessive banking or pitching so that an average pilot may regain 
control. 

For level flight, the stall speeds were determined empirically. The procedure required the pilot to retard the throttles 
to idle and increase a in an attempt to maintain altitude as the airspeed decreased. Once the aircraft stalled, it began to 
descend and the nose dropped. The pilot applied full power and pulled up to recover. The reference stall speed (Vsr) 
was selected in the takeoff/approach configuration with flaps set to one half. In this configuration, the airplane was 
found to stall at 1 10 knots. In the landing configuration, the airplane stalled at 96 knots (Vso). In a cruise configuration, 
the airplane stalled at 130 knots (Vs). Stalls in level flight were stable with easy recovery. 

The procedure to stall the aircraft in a turn is shown in Figure 9. The plane was put into a 30° banked turn with 
half flaps, the throttles were retarded to idle, and the nose was slowly pulled up to increase a while maintaining 
altitude. When stall occurred, the nose dropped as the aircraft yawed toward the low wing. Altitude loss was gradual 
and, as shown in Figure 10, the aircraft began to accelerate slowly. The airplane was stable throughout the maneuver 
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Figure 10. Stall during 30 degree banked turn. Airspeed and angle of attack, a, are shown vs. time. 
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Figure 11. Gradient, altitude, and true airspeed during takeoff with one engine inoperative. 


with little change in bank angle being noted. Recovery was achieved by rolling wings level, applying power, and 
pulling up. It was prompt and easily executed. Stall speed was approximately 123 knots, at which point a started to 
decrease, as indicated in Figure 10. 


B. Takeoff 

TCM takeoff performance was evaluated against portions of CFR §25.111. Because of modeling limitations, 
takeoff evaluations did not involve requirements on runway distance or the immediate runway environment. 
Therefore, the flight simulator studies began when the airplane was 35 feet above the runway to align with CFR 
regulations for initial climb out altitude. Per regulations, one engine is made inoperative during takeoff and, at 35 feet 
above the runway, the airspeed is to be at or above V 2 , the safe takeoff speed. As the airplane climbs, the slope of the 
climb gradient is to be positive at each point. Once the airplane climbs above 400 feet, the climb gradient is to be not 
less than 1.2%. The only change in airplane configuration permitted during this segment is landing gear retraction. 

In the takeoff evaluation, the left engine was failed during rotation with flaps set at one half, and landing gear was 
retracted once a positive rate of climb was achieved. From Figure 11, it can be seen that the slope of the takeoff path 
remained positive and was well above the 1.2% gradient of climb requirement throughout the profile. At 400 feet, the 
airspeed was approximately 140 knots, well above the assumed V 2 speed of 127 knots (V 2 was assumed to be the same 
as Vito for this work). 
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Table 3. Climb performance evaluation scenarios (AEO=All Engines Operational; OEI=One Engine Out). 


Test 

Scenario 

Engine 

Status 

Airplane Configuration 

Gradient of Climb Required 

1 

AEO 

Landing - Vi flaps with landing gear extended 

3.2% 

2 

OEI 

Takeoff - Vi flaps with gear extended 

Positive 

3 

OEI 

Takeoff - Vi flaps with landing gear retracted 

2.4% 

4 

OEI 

Final takeoff - flaps up with landing gear retracted 

1.2% 

5 

OEI 

Approach - Vi flaps with landing gear retracted 

2.1% 


C. Climb 

The TCM was assessed for its ability to climb with all engines operating and one engine inoperative, as stipulated 
in CFR §25.119 and §25.121. Evaluation considered the five test scenarios listed in Table 3, with gradient of climb 
being the primary measure of interest. In Test Scenario 1, the takeoff performance is measured with all engines 
operating, half flaps and the landing gear extended. This is the only climb evaluation scenario where engine response 
time comes into play. Per regulation, the aircraft is to have achieved, for go-around from minimum flight idle, a 
minimum climb gradient of 3.2% within eight seconds of power application to the go-around thrust setting. This is 
also the only climb evaluation with all engines operating, as the remaining test scenarios specify that one engine is 
inoperative. Test Scenarios 2 and 3 have flaps deployed and the landing gear extended and retracted, respectively. 
Test Scenario 4 specifies that the flaps and landing gear are retracted in a cruise configuration, while Test Scenario 5 
has the same configuration as Test Scenario 3 but with a reduced gradient of climb requirement. 

The five test scenarios were flown with the TCM travelling at airspeeds of around 130-145 knots. These speeds 
were used because they give good performance and are readily achievable during the takeoff climb out. They are also 
in the neighborhood of the speeds called for in the regulations, although in some cases are several knots higher than 
specified. 

For Test Scenario 1, an approach to landing was flown with a go-around being executed at 50 ft AGL. The resulting 
gradient of climb is shown in Figure 12. In this situation, the TCM had no difficulty in satisfying the 3.2 % climb 
gradient requirement. In fact, by eight seconds after power was applied, the gradient requirement was greatly exceeded 
with values in the mid-20% range. 

In Test Scenario 2, a takeoff was flown with the TCM configured with half flaps and landing gear extended; one 
engine was inoperative. From the gradient of climb plot shown in Figure 13, it can be seen that the TCM met the 
positive gradient of climb requirement. 
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Figure 12. Gradient of climb for all engines operating in landing configuration (go-around) (Test Scenario 1). 
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Figure 13. Gradient of climb for one engine inoperative in landing configuration (Test Scenario 2). 


Test Scenarios 3 and 5 utilized the same TCM configurations. Test Scenario 3 is a takeoff climb while Test 
Scenario 5 is an approach go-around. In each of these cases, the TCM is in the same configuration with one engine 
inoperative. As shown in Figure 14, the TCM was easily able to satisfy the 2.4% (Scenario 3) and 2.1% (Scenario 5) 
gradient of climb specifications. 

In Test Scenario 4, climb performance at the end of the takeoff climb out is measured. The TCM has landing gear 
and flaps retracted in the cruise configuration with one engine inoperative. As shown in Figure 15, the TCM exceeded 
the 1 .2% gradient of climb requirement. 
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Figure 14. Gradient of climb for one engine operative in takeoff/approach configuration (Test Scenarios 3 and 
5, respectively). 
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Figure 15. Gradient of climb for one engine operative in cruise (en route) configuration (Scenario 4). 

D. Stability 

The stability of the TCM was evaluated using the standards in CFR §25.171, §25.173, §25.177, and §25.181. These 
regulations state that the airplane must be stable in all axes, longitudinally, directionally, and laterally, in any condition 
encountered during flight. Once trimmed for level flight, when a disturbance is experienced, the airplane must dampen 
any resulting oscillation and return to its trim condition. A pull on the control yoke or stick must be required to 
maintain speeds below the trim speed and a push to maintain speeds above. 

To gauge the longitudinal stability, a perturbation is introduced to the flight controls to measure the TCM’s ability 
to return to its trim condition. Per regulations, the airspeed is to return to within 10% of its value prior to the 
perturbation for the climb, approach and landing configurations, and to within 7.5% for the cruise configuration. 
Stability was tested by initiating a 10° pitch up command followed by a release of the flight controls. The TCM was 
then allowed to settle back to its trim condition without any pilot input. The test was performed with the model in both 
the takeoff/approach and cruise configurations; the maneuver was initiated at airspeeds of 177 knots and 250 knots. 
From Figure 16, in the takeoff/approach configuration, the TCM appears to be dampening out the oscillations at both 
airspeeds. When the pilot input the 10° pitch up command, the nose remained high. As the airspeed dropped off, the 
nose lowered and airspeed increased. As this repeated, the airplane began to settle back to its trim condition. When 
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Figure 16. Response from flight control release after 10° pitch-up (takeoff/approach configuration). 
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Figure 17. Response from flight control release after 10° pitch-up (cruise configuration). 


this was performed in the cruise configuration, shown in Figure 17, the nose remained high until the airspeed 
decreased. The airplane oscillated as it did in the previous scenario, but did not dampen out. In fact, for the case with 
the 177 knot entry speed, the airplane began to stall at the top of the climb, causing the nose to drop. Once it began to 
stall, the airplane became unstable, rolled to the left and nosed downward toward the ground. For the case with the 
250 knot entry speed, the airplane appeared to be neutrally stable. The oscillations did not seem to increase nor 
decrease though altitude was lost with each pitch cycle. 

For directional and lateral stability evaluation, the TCM, configured for cruise (no flaps, landing gear retracted), 
was placed in a skidding or uncoordinated turn and the flight controls were released. Per regulations, recovery from 
this condition requires the low wing in the turn to rise and the nose to return to the direction of flight. As with 
longitudinal stability, any combined lateral-directional oscillation must be dampened by the airplane whether the 
primary controls are free or fixed. When tested with the TCM, the nose turned back toward the direction of flight, but 
the low wing remained low. The airplane remained in the turn and oscillated in the lateral axis, as can be seen in Figure 
18. The airplane had an undamped pitch oscillation that was becoming divergent. The TCM became unstable without 
intervention, although the pilot was able to regain control easily. 

It is important to note that the version of the TCM used for this work did not include a feedback flight control 
system. Namely, yoke and pedal inputs were directly mapped to control surface deflections. A control and stability 
augmentation system, permissible under §25.672, would be able to stabilize and dampen the oscillatory responses 
seen in Figure 16 through Figure 18. 


IV. Discussion 

FAA-type certification testing was performed on the relevant aspects of the integrated TCM/C-MAPSS40k aircraft 
simulation, to evaluate its appropriateness as a research testbed. Overall the model performed well, exceeding most 
of the requirements easily. In fact, it generally appears to be a little overpowered, as evidenced by the ease with which 
it exceeded the takeoff and go-around climb requirements. On the other hand, the rudder seemed to very effectively 
compensate for the thrust imbalance incurred during the engine out tests. Together these observations seem to point 
to the aircraft being underweight for its size. In fact, it was previously stated that the weight is set to the middle of its 
empty to fully loaded range. Setting the weight to the upper limit of this range would certainly make it more 
challenging to meet the certification requirements, although whether it would still exceed the requirements is 
unknown. In order to perform the certification testing at the higher weight, the inertias would have to be modified 
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Figure 18. Response from flight control release during uncoordinated turn (cruise configuration). 


correspondingly, and information regarding this is not provided with the TCM simulation. However, it is reasonable 
to assume that the excess power is due to the reduced aircraft weight rather than the engines being too large. 

A somewhat more serious concern is the results of the stability testing. Undamped oscillations resulting from a 
pilot input under certain conditions might make the airframe fail the certification. However, the use of flaps counteracts 
this neutral stability, which, at least for research purposes, provides a workaround should testing in that regime be 
required. Additionally, these dynamics represent the inherent stability qualities of the airframe without a feedback 
control system. Given the slowly divergent nature of the responses observed, an appropriately designed control and 
stability augmentation system would improve the aircraft’s stability characteristics. Furthermore, the pilot was able to 
easily maintain control despite these instabilities. 


V. Conclusions 

An integrated simulation consisting of the Transport Class Model (TCM) twin engine airframe simulation and two 
copies of the Commercial Modular Aero-Propulsion System Simulation 40k (C-MAPSS40k) turbofan engine 
simulation was evaluated against relevant aspects of the Federal Aviation Administration’s Code of Federal 
Regulations (CFR) Part 25, “Airworthiness Standards: Transport Category Airplanes.’’ The objective was to determine 
if the behavior of the combined model is representative enough of an actual aircraft to make it an appropriate testbed 
for advanced propulsion control and integrated flight and propulsion control research. Evaluation against the relevant 
certification criteria demonstrated that the integrated TCM/C-MAPSS40k simulation behaves like a lighter-than-full- 
weight commercial transport aircraft. Any potential problems exposed are relatively minor and can be ignored or 
worked around for research purposes. Therefore, the combined model is an appropriate testbed for use in such research. 
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